Abstract-In this paper, the space-vector pulsewidth modulation (SVPWM) technique for two-phase inverters is proposed. The proposed SVPWM technique is applicable to the two-phase induction motor drives. The two-phase inverters using the proposed SVPWM technique can generate only four space voltage vectors, but cannot generate zero vectors. A reference voltage vector located in the square locus is realized by adjusting the four space vectors. The switching sequence for the proposed SVPWM technique is proposed in order to minimize the ripple content of the output current. Practical verification of theoretical predictions is presented to confirm the capabilities of the new technique.
Space-Vector PWM Technique for Two-Phase
Inverter-Fed Two-Phase Induction Motors
I. INTRODUCTION

S
INCE digital ac drives are becoming an industrial standard, the traditional sinusoidal pulsewidth modulation (PWM) technique has been overcome by the space-vector PWM (SVPWM) technique more suitable for digital implementation. Recently, the SVPWM technique has mostly been used in the vector control of three-phase ac motors or in servo systems due to its superior performance in spite of complexity, and it will be further accepted in the future. However, the SVPWM techniques for the single-phase induction motor drives have not been proposed in spite of several advantages.
The single-phase induction motors have been widely employed in low or middle power level fields, especially in households where a three-phase supply is not available. The single-phase induction motor requires the auxiliary winding to produce the starting torque. For example, the capacitor-starting motor produces the starting torque with the aid of the auxiliary winding and series-connected capacitor. Accordingly, it operates as the asymmetrical two-phase induction motor at starting, but operates as a pure single-phase induction motor while running after a centrifugal switch is opened.
The single-phase induction motor is unsuitable for adjustable-speed control because of poor speed characteristic. Traditionally, speed operation of the single-phase induction
Paper IPCSD 02-058, presented at the 1999 Industry Applications Society Annual Meeting, Phoenix, AZ, October 3-7, and approved for publication in the IEEE TRANSACTIONS ON motors has been obtained through voltage control using a triac or back-to-back thyristors. Accordingly, the harmonic content of the output voltage becomes larger, and the frequency range is narrow. Therefore, low-cost static converters which can improve the quality are required in single-phase induction motor drives [1] - [4] . An adjustable-speed drive for the auxiliary winding of singlephase induction motors was presented in [1] . Wide speed range operation using variable-frequency inverters was presented in [2] . A compact variable-speed drive for the single-phase induction motor, which utilizes just one insulated gate bipolar transistor (IGBT) module incorporating six switches, was presented in [3] . The design of a current and voltage digital controller for the single-phase induction motor drives was presented in [4] .
The two-phase induction motor is composed of two symmetrical windings. That is, the number of windings of phase A is the same as that of the windings of phase B, and displaced 90 electrical degrees between the two windings. Supplied by the balanced voltage source without harmonics to the symmetrical two-phase induction motor, the motor operates without negative torque [5] . However, the two-phase induction motor has not been well accepted in spite of high efficiency because it does not have any advantages from the viewpoint of speed control.
In this paper, the SVPWM technique for the two-phase inverter-fed symmetrical two-phase induction motors is proposed. There are four space vectors and no zero vectors in the twophase inverters, while the three-phase inverter has six space vectors and two zero vectors. It is difficult for the two-phase inverters to realize the SVPWM technique because it has no zero vectors. In this paper, the SVPWM technique for the twophase inverter is proposed without zero space vectors. Also, the switching sequence for the proposed SVPWM is proposed to minimize the ripple content of the output current.
Finally, the computer simulations using the software package ACSL were carried out, and the experimental results are presented to confirm the capabilities of the new technique.
II. SPACE-VECTOR MODULATION FOR THREE-PHASE INVERTER
Currently, the SVPWM technique for the three-phase inverters proposed by Broeck [6] is normally used in the vector control of three-phase ac motors. In this section, we briefly introduce the three-phase SVPWM technique simply so that the proposed SVPWM can be derived from it. switching state is specified as the space vector for the output voltage of inverter. Six switching space vectors are evenly distributed at 60 intervals with the length of and form a hexagon. Also two zero space vectors are located at the center of a hexagon in the complex plane, as shown in Fig. 3 .
Eight space vectors can be represented as a complex-vector expression where A voltage reference vector can be approximated by two adjacent switching space vectors and two zero vectors using PWM technique. It is necessary to arrange the switching sequence so that the switching frequency of each inverter leg can be minimized. Fig. 4 shows the switching sequence to minimize the ripple content of output current. The three-phase inverter legs are switched at the beginning from one zero state, at the ending of the other zero state during the sampling time . This rule applies normally to the three-phase inverters as the switching sequence, for example, "
." in sector I. Therefore, the switching cycle of the output voltage is double the sampling time, and two output voltage waveforms become symmetrical during . It is called the "three-phase symmetrical modulation."
III. SVPWM TECHNIQUE FOR TWO-PHASE INDUCTION MOTOR DRIVES
In this paper, the two-phase induction motors are selected as the model motor instead of the single-phase induction motors. Supplying the balanced voltage source without harmonics to the symmetrical two-phase induction motor, the motor operates without negative torque and then maintains high efficiency [5] .
A balanced set of output voltages , without harmonics is expressed by (4) where where is the maximum amplitude of the output voltage, which is determined by " ." 
A. Four Space Vectors of Two-Phase Inverter
Fig. 5(a) shows a typical two-phase half-bridge inverter for the two-phase induction motors, which consists of four switches, four diodes, and a center-tapped dc voltage source. The dc link can be supplied from a single-phase ac source by inserting a diode rectifier, which needs two electrolytic capacitors to maintain the ground and to reduce the dc-link ripple. Fig. 5 (b) shows the advanced two-phase inverter drive, which utilizes six switches or one IGBT intelligent power module (IPM). Two switches and two diodes are used for a boost rectifier for power-factor correction, and the other four switches and four diodes are used for the two-phase inverters. Such circuit has originally been used for the single-phase to three-phase conversion with a view to offering low cost [7] , [8] , and has been applied to compact single-phase induction motor drives to improve the input power factor and to reduce the harmonics of output voltages [3] , [4] . Fig. 6 shows four switching states formed in a two-phase inverter when four switches are adjusted. Based on the four possible combinations of the four individual switches signified by switching states labeled as , the four space voltage vectors are originated. whereas "0" denotes connection to the negative dc link. 
B. Proposition of the Two-Phase SVPWM Technique
It is difficult to realize the SVPWM technique for the twophase inverter because it does not have zero vectors [4] , while the three-phase inverter utilizes zero vectors during the realization process of the SVPWM.
In this section, the technique to realize the two-phase SVPWM is proposed without zero vectors. Fig. 8 shows the model sectors where the reference vector is located in sector I. The time duration for the reference vector is determined by adjusting four voltage space vectors. The in sector I is divided into two voltage space vectors and which are adjacent to the . In the figure, and are the time durations spent on and , respectively. However, the amounts of and do not satisfy the constant sampling interval unless the reference vector arrives at the maximum voltage locus. Accordingly, the remainder of the sampling interval should be spent in the main sector (sector I) and diagonal sector (sector III) because of no zero vectors. In the figure, means the difference vector between and the maximum voltage locus. When the half value of the difference vector is added to , new reference vector is formed again in the main sector. Let be called the "modified reference vector." Vector should be inserted into the diagonal sector inevitably to restrain the modified reference vector. Let in the diagonal sector be called the "restraint vector." Its direction is opposite to and its absolute value is equal to the increasing value of a modified reference vector in the main sector. The amount of time duration spent on the modified reference vector and the restraint vector is equal to the sampling time, as shown in Fig. 8 (6) Let . and are the time durations spent on and in the main sector, respectively, and, also, and are the time durations spent on and in the diagonal sector, respectively. , and can be solved by the following process. Absolute value of the maximum space vector to the square locus at is given by (7) where represents the counterclockwise phase angle from the space vector to the reference vector . From (7), absolute value of the difference vector is given by (8) Absolute value of the modified reference vector in the main sector is given by (9) Absolute value of the restraint vector in the diagonal sector is given by (10) 
C. Determination of the Switching Sequence
When the reference vector stays at any sector, the switching sequence is considered in order to make the optimal PWM voltage waveform in the two-phase inverter. Proper switching sequence minimizes the torque ripple and reduces the average switching frequency.
In this section, the switching sequence in the two-phase SVPWM is proposed, which is derived from the "three-phase symmetrical modulation" in the three-phase SVPWM. Let it be named the "two-phase symmetrical modulation." In order to realize the reference vector , the four space vectors and four time durations must be adjusted by four switches during the sampling time , and the switching sequence should also be determined suitably. It is expressed as the following equation: in the diagonal sector, and begins again at and returns to in order to minimize the ripple content of line current.
This rule applies normally to the two-phase inverter as the switching sequence, for example, "
." However, the reference vector can begin at another space vector ( , , ) if the sequence for four space vectors is kept. For example, the switching sequence becomes " " if it begins at . The switching cycle of output voltage by the two-phase symmetrical modulation is double the sampling time, and two output voltages become symmetrical during , as shown in the three-phase symmetrical modulation of Fig. 4 . From the figures, it is observed that two inverter legs carry out one switching or two switchings alternately during to realize two PWM output voltages. In the two-phase SVPWM, it is difficult to realize two PWM voltage waveforms by means of hardware because the switching operations during are changed irregularly according to the sector number, while three output voltages , , and are easily realized in the three-phase SVPWM because only one switching per phase is carried out regularly during .
Also, the significant surge is involved in the output current, and the switching loss increases because the output voltage is discontinuous at the boundary between sectors. Therefore, the two-phase symmetrical modulation of Fig. 9 is not desirable to reduce the ripple content of output current. Then, a new switching sequence, which makes the output voltage continuous at the boundary between sectors, should also be required. Fig. 10 shows the advanced two-phase symmetrical modulation to eliminate the previously mentioned disadvantages of the two-phase symmetrical modulation. When the advanced twophase symmetrical modulation is used in switching operation, the output voltage becomes continuous at the boundary between sectors, of course. The inverter leg of phase A carries out one switching at and the inverter leg of phase B carries out two switchings at and at during . Therefore , two output voltage waveforms are realized easily by the proper design of erasable programmable logic device (EPLD) because the advanced two-phase symmetrical modulation has the regular switching logic where one switching is carried out at phase A and two switchings are carried out at phase B during . The calculating method for the time durations , , and is different according to each sector, and it is arranged in Table I . Each "1" represents an output line attached to the positive dc link, whereas "0" denotes connection to the negative dc link. Also, the symbol means the direction of edge triggering when a signal changes. 
IV. ADVANTAGES AND DISADVANTAGES OF TWO-PHASE INDUCTION MOTOR DRIVE SYSTEM
In comparison with the six-switch inverter, the four-switches inverter has several advantages. First, a power switch reduction of 1/3 is obtained, and two drive circuits can be omitted because only two inverter legs are used. Accordingly, manufacturing cost will be reduced despite the higher switch voltage rating in the four-switch inverter. Second, the conduction losses can be reduced by 1/3 because only two inverter legs will conduct compared with the six-switch inverter, where three inverter legs will conduct. However, the following disadvantages should be mentioned. The stress on the motor insulation and the switching losses are increased due to the higher dc-link voltage [9] .
Several advantages are predicted when the proposed SVPWM is applied to the two-phase motor. First, speed of the two-phase motor can be controlled exactly for a wide frequency range. Second, compared to the three-phase SVPWM, or transformation is not required in the vector control, while it is required in the vector control of the three-phase ac motor drive. Therefore, the two-phase induction motor drive system for the vector control is simpler and cheaper compared to the three-phase induction motor drive system. However, the two-phase inverter of the half-bridge type requires a center-tapped capacitor, and the volume of the capacitor also becomes bigger to keep balanced voltages across each capacitor. Therefore, the two-phase motor drive using the proposed technique applies suitably to a small servo system in which the dc voltage source is supplied from the single-phase ac supply.
Also, the proposed two-phase induction motor drive using the SVPWM can be applied to electric home appliances, for example, refrigerators and air conditioners, if the manufacturing cost for the power semiconductors and controller are reduced in the future. However, the manufacturing cost to build the proposed motor drive for electric home appliances is more expensive compared to the conventional drive because an expensive CPU is needed in the system. However, such disadvantage will be overcome because the exclusive digital signal processors (DSPs) for motor speed control, and the IPM devices with high performance and low cost will be developed. 
V. SIMULATION RESULTS
Digital simulations are performed to investigate the effectiveness of the proposed SVPWM technique by the simulation software package ACSL. It is assumed that the model load has a fixed and mH, and the voltage source of the inverter is 220 V . Fig. 11 shows the simulated waveforms for output voltages and currents of the two-phase inverter at starting. It is assumed that the absolute value of the reference voltage is fixed at 50 V, and the frequency of is fixed at 60 Hz, and the sampling interval is s. The values of output currents are high near starting, and become lower during the transient period. The steady-state operation continues after the transient period. Therefore, rms values of current of phase A are equal to that of phase B, and the phase difference between the two currents is also fixed at 90 . Fig. 12 shows the simulated waveforms for the output voltages and currents of the two-phase inverter during steady-state operation when is changed from 40 to 60 V at s under the same condition of Fig. 11 . The PWM voltage waveforms are changed by the two-phase SVPWM technique, and the rms value becomes higher at this time. Then, the steady-state operation is quickly maintained after a short time. Fig. 13 shows the simulated waveforms for the output currents of the two-phase inverter when the load becomes heavier quickly at s under the same condition of Fig. 11 except for s. It is observed that the output currents of the inverter are changed quickly and the system becomes stable near the changing point although the disturbance is inserted into the system.
VI. EXPERIMENTAL RESULTS
The balanced two-phase induction motor (rated at 90 W, 220 V, and 2 A) was connected to the two-phase inverter built by the IGBT IPM. Also, the TMS320C32 DSP was used as the controller. To provide the dynamic loading, the dc generator was coupled to the two-phase induction motor.
Fig. 14 shows the measured switching signals inserted to four switches when the proposed technique is applied to the two-phase inverter at a frequency of 30 Hz. In the figure, the switching signals are for up-switch (S1), down-switch (S3) in phase A and up-switch (S2), down-switch (S4) in phase B. The sampling time is fixed at 100 s and the dead time is fixed at 3 s. The dead time between signals is certainly confirmed from the extended switching signals of Fig. 14(b) . Fig. 15 shows the experimental waveforms for output voltages of the two-phase inverter when a two-phase induction motor using the proposed technique is operated. The value of the input voltage is fixed at 311 V dc, and the rms value of the reference voltage is specified at 60 V, and its frequency is 30 Hz. When the resistance load which is equivalent to 30 W is connected to the terminal of the dc generator, the speed of a model motor is measured as 673 r/min. It is shown that two output voltages have the two-level PWM waveform of 155 V, and the phase difference between two output voltages is fixed at 90 . Fig. 16 shows the experimental waveforms for output currents of the two-phase inverter under the condition of Fig. 15 . It is shown that the output currents are approximately a sinusoidal waveform, and their magnitudes are equal to each other, and the phase difference is fixed at 90 . Fig. 17 shows the current trajectory for the output current wave of Fig. 16 . It is observed that the shape of the current trajectory approximates the thick circle because the current wave involves distortion due to the harmonics and dead-time effect. 
VII. CONCLUSION
In this paper, the SVPWM technique is proposed for the twophase inverter-fed two-phase induction motor. There are four space voltage vectors and no zero vectors in two-phase inverters. A reference voltage vector is realized by adjusting four space vectors without zero space vectors. Also, the two-phase symmetrical modulation to carry out the switching sequence is proposed in order to minimize the ripple content of the output current.
Through the simulations and experiments, it is confirmed that the proposed SVPWM technique can make the balanced twophase output voltage where the rms values of voltage of phase A are equal to those of phase B, and the phase difference between the two voltages is also fixed at 90 . Therefore, the proposed SVPWM will apply in practical use in the vector control of twophase induction motor drives.
However, the proposed two-phase SVPWM technique has several unsolved problems, such as the current distortion due to dead-time effect, and overmodulation. The proposed technique will build the optimal PWM output voltage without harmonics after solving several problems.
It is expected that good results will be obtained if the proposed two-phase SVPWM technique is applied to the field of small servo systems.
